Introduction
Silicon nitride is a material with growing usage as an insulator in the manufacturing of solar cells and electronic devices or as an anti-reflection coating in optical elements. The most common method for its synthesis and deposition is plasma enhanced chemical vapour deposition (PECVD). 1 Ion implantation, reactive sputtering, and thermal nitridation of silicon are also used, but in a less extent. 1 The usual gas mixtures used in PECVD for deposition of silicon nitride consist of elementary nitrogen (N 2 ) or ammonia (NH 3 ) as a source of nitrogen and silane SiH 4 as a source of silicon. [1] [2] [3] [4] [5] [6] [7] The silicon nitride, grown by PECVD, is not necessarily stoichiometric and it can contain a large concentration of hydrogen (up to 39%, atomic ratio). 1, 5, 8 The composition of deposited silicon nitride (SiN x :H) can be adjusted by selecting the deposition temperature or by adjusting the ratio of silicon and nitrogen in the gas mixture. Although the temperature of the plasma used in SiN x :H PECVD is low (o400 1C), electrons in the plasma have significantly more energy (typically about 2 eV) than the thermal energy of the plasma. 9 These electrons cause dissociation of source gases into a reactive species that either react in the gas phase and produce precursor molecules, whose deposition makes SiN x :H, or directly react on the surface in order to make SiN x :H. In the SiH 4 -NH 3 plasma, it is believed that all SiH 4 is converted into either a Si(NH 2 ) 4 or a Si(NH 2 ) 3 radical. 4, 6 At the surface, Si(NH 2 ) 3 undergoes a series of NH 3 elimination reactions (depending on a temperature) before converting into SiN x :H. 2, 6 However, unlike the Si(NH 2 ) 3 radical, the SiH 3 radical was found to have high sticking probability to a SiN x :H surface. 4, 10 Silane dissociation channels in plasma, 11, 12 with significant yield, are shown in eqn (1) and (2) .
SiH 4 -SiH 2 + H 2 (2) More SiH 3 is produced by secondary reaction (3). 13 SiH 4 + H -SiH 3 + H 2 (3) probable outcome in inelastic collision of electrons with silane is SiH 4 in the vibrationally exited state, 16 while the collisions that produce ionic species have an order of magnitude lower cross sections. [15] [16] [17] Moreover, it was shown 18, 19 that the product of a reaction of ionic silicon species with NH 3 does not propagate beyond SiNH 4 + . Therefore, since Si(NH 2 ) 4 and Si(NH 2 ) 3 were detected in SiH 4 -NH 3 plasma, ionic reactions are probably not important in SiN x :H synthesis. In ammonia plasma, the most important primary process for removal of NH 3 molecules is by electron impact ionisation (eqn (4)). 20 The most abundant ion in plasma is a secondary product (NH 4 + ), created by proton transfer, during the collision of NH 3 + and NH 3 molecules (eqn (5) 
The alternative reaction is the direct dissociation of NH 3 molecules:
Dissociation of silane is believed to be more abundant than the dissociation of ammonia in silane-ammonia gas mixtures since the dissociation energy of silane is lower. 21 
Reaction mechanisms
One of the most accurate experimental determination of the reaction mechanism is done by Beach and Jasinski 22 by exposing the ammonia rich SiH 4 -NH 3 mixture to the 193 nm excimer laser. The laser radiation selectively dissociates ammonia molecules making a simple initial reaction mixture. A whole series of aminosilanes (SiH 3 NH 2 , SiH 2 (NH 2 ) 2 , SiH(NH 2 ) 3 , Si(NH 2 ) 4 ) were detected in the irradiated mixture. Aminosilanes were also confirmed in the SiH 4 -NH 3 mixture, heated with a hot wire. 23 The proposed mechanism 22 for formation of aminosilanes (SiH x (NH 2 ) 4Àx , where 0 r x r 4) is explained by eqn (7)- (9):
SiH 3Àx (NH 2 ) x + NH 2 -SiH 2Àx (NH 2 ) x+1 + H ; 0 r x o 3
SiH 3Àx (NH 2 ) x + H -SiH 4Àx (NH 2 ) x ; 0 o x r 3 (8)
The main reaction in this mechanism, responsible for the synthesis of aminosilanes, and in the formation of a Si-N bond is radical eliminative addition (eqn (7)). Eqn (8) and (9) represent radical neutralisation reactions that stop the radical chain reaction and produce aminosilanes from the corresponding radicals. The reaction mixture, created by Beach and Jasinski, 22 is more simple than the plasma in the conventional PECVD since the reactions are initialised exclusively by the NH 2 radicals, the proposed reaction mechanism (eqn (7)- (9)) is not the only explanation.
The alternative mechanism, proposed by the same authors, 22 is a combination of the hydrogen abstraction (eqn (10) ) and the radical neutralisation (reactions (8) and (9)):
0 o x r 3; R = H or NH 2 (10) Another mechanism, also proposed by Beach and Jasinski, 22 although sceptically, is eliminative addition on neutral aminosilane (eqn (11)), coupled with radical neutralisation reactions (reactions (8) and (9)). 
This mechanism alone cannot explain the formation of all aminosilanes. If reactions (15) and (16) are proceeding, there must be another mechanism in action, parallel to this one. Observation of silicon diimide (Si(NH) 2 ) at low deposition temperatures (about 100 1C) can be explained only by this mechanism. 2 Unlike in PECVD, the SiH 4 -NH 3 mixture exposed to 193 nm UV light produces silanes even at high NH 3 /SiH 4 ratios (50 : 1) indicating that reactions in plasma are either a different mechanism, or an interplay of several mechanisms.
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In addition, there is a neutral addition mechanism (eqn (17) ) that is found to be exothermic (for x = 0), but with a reaction barrier large enough for external energy excitation necessary. 24 SiH 4Àx (NH 2 
From quantum chemical modelling of reactions taking place in the mixture of SiH 4 and NH 3 gases, there is a conclusion that reactions proceed exclusively as radical chain reactions. 21 The SiH 3 radical is believed to play a central role in the chain mechanism, since its formation is kinetically and thermodynamically favourable over NH 2 . 21 This mechanism is a combination of mechanisms of Beach and Jasinski (vide supra) composed of the hydrogen abstraction (eqn (10) ) and the modification of the radical eliminative addition (eqn (11)), in which the reactive species are the aminosilane SiH 3Àx (NH 2 ) x radicals instead of the NH 2 (eqn (18)).
In the SiH 4 -NH 3 gas mixture, exposed to a resistively heated wire, both SiH 3 and NH 2 (with some amount of NH) radicals were observed, however no aminosilane was detected. 25 The difference between plasma composition, reported by different groups, strongly suggests that no single mechanism can explain the deposition of silicon nitride. 22, 25 Longer residence times of SiH 4 in a reaction chamber increase the possibility of reactions and the production of higher aminosilanes. 26 The uncertainties in reactions in ammonia-silane gas mixtures demonstrate the need for more detailed analysis of these reactions. These reactions not only explain gas phase reactions in ammonia-silane plasma, but also represent the elementary reactions for forming the silicon-nitrogen bond. Our motive for investigating these reactions, besides the explanation of reactions between silicon and nitrogen, comes from the need to explore the energy landscape for silicon and nitrogen atoms in order to make possible analysis of phenomena in the bulk, the interface and on the surface of silicon nitride. The potential energy surfaces from this research, obtained from high level ab initio calculations, will be used for parametrisation and testing other computational methods, capable of handling solid state and interface phenomena.
Theoretical methods
Reactions in silicon/nitrogen plasma are modelled with multiconfigurational quantum chemical methods and large basis sets; a combination that can determine high precision energetics for chemical species undergoing through bonding rearrangements. Geometry optimisation was carried out on the basis of energy and the gradient, calculated with Møller-Plesset second order perturbation theory (MP2) 27 with the Dunning triple zeta basis set augmented with diffuse functions (aug-cc-pVTZ). [28] [29] [30] The version of aug-cc-pVTZ with extra d function (aug-cc-pV(T+d)Z) 31 was used for the silicon atoms. Coordinates of all optimised geometries are available in the ESI † (see supplement_01.pdf). Second order derivatives of energy were calculated on all optimised geometries in order to obtain vibrational frequencies, and thus vibrational zero point energy and vibrational contribution to enthalpy and entropy of each species. The rotational contribution to the entropy of the hydrogen molecule was calculated from partition functions published in NIST-JANAF thermochemical tables, 32 since the classical approximation of molecular rotations is not precise in this case. Reactions with energy barriers were characterised by optimisation of their transition state geometries. Frequencies, calculated on these geometries, were inspected for the presence of the single imaginary value and the corresponding normal mode was visualised in order to confirm that the optimised geometry corresponds to the desired transition state. In cases of pre-reaction and post-reaction complexes, some imaginary frequencies with a low magnitude would appear. Their corresponding normal modes were also visualised in order to confirm that they correspond to large amplitude intermolecular motion. The intrinsic reaction coordinate (IRC) was also calculated in order to undoubtedly prove that the calculated transition geometry lies on the reaction path that connects desired energyminimum geometries. The IRC is defined as the coordinate along the minimum energy path (expressed in mass weighted nuclear coordinates) that connects the reactant, the transition state and the product. 33 The coordinates along the energy path were determined by sequentially moving atoms along the vector parallel to the normal mode that corresponds to the imaginary frequency in the transition state and optimising resulting geometries along all coordinates that are perpendicular to the vector. As a result, two series of geometries that lie on the minimum energy path are produced: one progressively moving from the transition state to the reactant and one that moves toward the product. 39 program was used in the process of inspecting and selecting of the active orbitals. Since in the studied reactions Si-N, Si-H and N-H are being formed or split, we composed active spaces from molecular orbitals, created by the linear combination of 2s, 2p x , 2p y , 2p z atomic orbitals on a N atom, the 1s atomic orbital on a H atom and the 3s atomic orbital on a Si atom and the corresponding antibonding orbitals. That leads to the active space that consists of 10 electrons in 10 orbitals. In some cases other active spaces are also used if the reaction centre lacks some of the mentioned atoms. All CAS orbitals from all active spaces of all reactions are shown in the ESI † (see supplement_03.pdf). The MOLCAS 40, 41 program package was used for all CASPT2 calculations. All CASPT2 calculations were done with the aug-cc-pVTZ basis set. If a reaction lacks the transition state, the potential energy surface (PES), spanned by selected bond lengths and angle bends, was scanned. PES scan was done by translating and rotating molecular fragments in order to bring selected bonds and angles to desired values and by subjecting created geometries to optimisation with constraints. Constraints were in the form of fixed bonds and angles that were adjusted during the geometry preparation step. Constrained optimisations were done at the MP2/aug-cc-pVTZ level of theory. Single point calculations were done at the MP2 optimised geometries at the CASPT2/aug-cc-pVTZ level.
Results and discussion
The driving force for chemical reactions in PECVD comes from energetic electrons in plasma. Impact of these electrons causes ionisation, cleavage of chemical bonds, or leaves molecules in the excited electronic and/or vibrational state. Under these conditions, it is hard to rationalise thermodynamics and consequentially, kinetics of modelled reactions, since electron impacts leave molecules in non-Boltzmann energy distribution. Moreover, different operating conditions of PECVD can result in different distributions of electron kinetic energies, and thus different distributions in resulting molecules. Even in a single plasma reactor, operated under steady conditions, the gas in different parts of the reactor chamber can experience different rates of dissociation and different decomposition pathways.
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Therefore, we will analyse energies and reaction pathways of reactions in SiH 4 -NH 3 plasma without referring to reaction rates. Since reactions in plasma are at certain temperature, their enthalpies will also be reported, however one must have in mind that enthalpies are calculated by assuming the Boltzmann distribution of energies, a condition that is not necessarily met in plasma, but applicable for active species that react after leaving the area affected by the plasma. In SiH 4 -NH 3 plasma there are reactions that lead to creation of Si-Si bonds and creation of disilane and trisilane. 4, 6, 10, 22, 23, 42 These reactions will not be discussed here.
In addition to the proposed mechanisms for reactions in silane-ammonia plasma, several new reactions belonging to the new mechanism are proposed. These reactions have low energy barriers, making them competitive with the already proposed reactions. The new, alternative mechanism consists of silylene addition reactions:
The product from reaction (19) is a molecule with dative bond (N-Si) with silylene as the electron acceptor. That product can rearrange into an aminosilane:
The end product of reaction (20) 
Since in silane-ammonia gas mixtures with a high ammonia to silane ratio, 22 the end-products of reactions are triaminosilane (SiH(NH 2 ) 3 ) and tetraaminosilane (Si(NH 2 ) 4 ), these reactions should stop by depletion of SiH 2 in the first stage (x = 0) making SiH 3 NH 2 , which can further react according to reactions (7)- (18). We propose the alternative to reaction (20) as the formation of a complex with two dative (N-Si'N) bonds:
If conditions in plasma permit survival of silane complexes from reactions (20) and (21), these can serve as reactive species in the surface deposition process. The another new class of reactions, considered in this paper, is the addition of a silyl radical to an ammonia molecule (eqn (22)):
Also, nucleophilic additions of silane-amines to silane are also considered in order to check if they could play a role as surface reactions during PECVD of SiN x :H.
We modelled a series of reactions, staring from source gases: SiH 4 and NH 3 , up to the point where the initial silicon atom is completely surrounded with nitrogen atoms or vice versa. Fig. 1 shows schematically these reaction pathways. The surface of the silicon nitride is represented by Si x N y H z in Fig. 1 . All of these reactions are not necessarily energetically favourable. The possibility of a reaction taking place during PECVD will be judged by the reaction energetics (activation energy, E a , and reaction enthalpy DH). In addition, Gibbsfree energies are calculated at different pressures and temperatures (see the ESI, † supplement_04.pdf). Hydrogen abstraction reactions in Fig. 1 are marked with -H for simplicity, however it must be kept in mind that their mechanism is more complex than simple cleavage of the Si-H or the N-H bond. Mechanisms of these reactions are scrutinised in Section 3.8. In some reactions H is being eliminated concertedly with addition of a radical. These reactions (nucleophilic substitution) are studied in Section 3.7. Silylene addition reactions with a newly proposed mechanism for SiN x :H are reported in Section 3.5. In Fig. 1 these reactions are shown with both: + NH 2 and ÀH . Reactions that initialise the chain of reactions in PECVD (reactions (1)- (6)) are in separate Section 3.1. Radical neutralisation and neutral addition reactions are discussed in separate Sections 3.4.1 and 3.4.
Reactions in plasma caused by electron impact
Electron impact reactions are responsible for creating initial reactive species in plasma, enabling further reactions and the creation of more complex molecules or materials. In these reactions, no Si-N bond is being created, however their importance is in creating of reactive species that enable creation of molecules with the Si-N bond. These reactions are represented by eqn (1)- (6) and their threshold dissociation energies are shown in Table 1 . Energetically the most efficient process is the dissociation of SiH 4 into a silylene (eqn (2)). The ionisation of ammonia molecules (eqn (4)) requires significantly larger energy than the dissociation into radicals (eqn (6)). This is in agreement with the observation that at low electron energies, the main product of silane dissociation is SiH 2 . 13, 14 Calculated values for the dissociation are in very good agreement with the experimental results 14,43 (see Table 1 ).
Nucleophilic substitution
These reactions create chemical bonds between silicon and nitrogen atoms without involvement of radicals or silylenes, either as reactants, products or intermediates. In all these reactions there is a nucleophilic attack of a nitrogen atom on a silicon atom accompanied by the elimination of hydrogen molecules (eqn (17)). We analysed substitution reactions of the ammonia molecules with the silicon atoms with different number of nitrogen atoms attached. The mechanism for addition of NH 3 to SiH 4 is different from the accepted mechanism for nucleophilic substitution on silicon atoms, described by Deiters and Holmes, 44 where nucleophile approaches silicon through a tetrahedral face direction in order to create the pentacoordinated reaction intermediate. In this case the geometry of the approach is the edge of the tetrahedron on the silicon atom, which is determined by the emerging H-H bond. This is evident in the geometry of the transition state, shown in Fig. 2 . Another difference is the lack of a pentacoordinated reaction intermediate. For all these reactions, potential energy along the reaction coordinate (see supplement_02.pdf, ESI †) shows only one maximum that corresponds to the pentacoordinated transition state. No minima, that have the pentacoordinated silicon atoms, were found on reaction coordinates. All reactions have transition states, very high in energy (Table 2 ) (and consequentially in enthalpy (Table 3 and supplement_04.pdf, ESI †)), much higher than the thermal energy (about 25 meV at 300 K) and also much higher than transition states of other studied reactions. This makes nucleophilic substitution reactions noncompetitive to other reactions. If only energies of hydrogen stretching vibrations in silane (2187 cm À1 ) 45 are taken into account, at least six vibrational quanta are needed to overcome the energy barrier for the nucleophilic substitution. 24 The reaction barrier for NH 3 addition to SiH 3 NH 2 drops by about 0.4 eV with respect to the addition to SiH 4 due to increased electrophilicity of the silicon atom inside SiH 3 NH 2 . Reaction barriers with higher aminosilanes (SiH 2 (NH 2 ) 2 and SiH(NH 2 ) 3 ) have increased steric requirements making energy barriers for these reactions larger. In these reactions, pre-reaction complexes have a stabilisation energy significantly lower than the thermal energy. In addition, there are reactions that lead to polysubstituted amines (eqn (23)). These reactions also have a lower reaction energy barrier with respect to the reaction with silane due to increased nucleophilicity of the attacking nitrogen atom. The nucleophilic substitution of (NH 2 ) 3 SiH with the NH 2 group at the surface of SiN x :H was also modelled as the reaction of (NH 2 ) 3 SiH with NH 2 SiH 3 in order to check if combined effects of the increased nucleophilicity of the nitrogen atoms and the increased electrophilicity of the silicon atoms would make the reaction barrier small enough in order to be a candidate for a surface reaction responsible for the growth of SiN x :H. Unfortunately, no significant change in the reaction barrier is observed.
Hydrogen molecule elimination
This reaction was proposed by Beach and Jasinski 22 as an alternative path for formation of silylenes (reaction (14)). These reactions are generalisation of the reaction that is the most important for initial production of SiH 2 (reaction (2)), described in Section 3.1. Although reaction barriers for these reactions are large (42.5 eV), it is the most favourable dissociation pathway of an excited aminosilylene (reactions (12)- (14)).
Radical addition reactions
3.4.1 Radical neutralisation. This class of reactions (eqn (8) and (9)) represent a part of reaction mechanisms 22 that explain observation of aminosilanes in silane-ammonia plasma. It is believed that these reactions are responsible for the growth of SiN x :H. 6, 10, 22, 23 Radical neutralisation reactions have no reaction barrier, making them kinetically most competitive reactions, since the reaction rate depends only on the rate at which radicals collide with each other. In Tables 2 and 3 , reaction energies and enthalpies are reported as a difference between reactants (radicals) and products. The amount of energy, obtained from these reactions, is the highest among all reactions considered. This amount of energy is also significantly higher than any reaction barrier of any studied reaction. This makes possible other addition reactions on the vibrationally hot radical neutralisation product, even if their reaction barrier is prohibitively large for reactants in thermal equilibrium. 3.4.2 Addition of NH 3 to silyl radicals. According to MP2/aug-cc-pVTZ and CASPT2/aug-cc-pVTZ calculations, NH 3 molecules can react with silyl radicals in order to create a weak bond. MP2/aug-cc-pVTZ//CASPT2/aug-cc-pVTZ calculations have shown that the reaction has a transition state of 0.44 eV above reactants and the resulting product is stabilised by only 93 meV with respect to the transition state. If vibrational zero-point energies are counted in, product energies become higher than the transition state energy, making the adduct NH 3 -SiH 3 unstable.
This species would be important only if it could stabilise by elimination of hydrogen radicals (H ) immediately after association. Unfortunately, hydrogen elimination requires additional energy (0.2 eV), so this molecule is interesting only in a theory of weak chemical bonds. This class of reactions is not further investigated.
Silylene addition reactions
Silylene is a very reactive molecule, containing a two-valent silicon atom. 46, 47 The electronic structure of silylene is characterised by sp 2 hybridisation on the silicon atom, which causes a bent geometry of SiH 2 . 47, 48 The third position in ''triangular'' SiH 2 is occupied with the free electron pair. The remaining p orbital is empty and non-bonding, situated perpendicularly to the molecular plain. 47, 48 Silylene in its ground state is in the singlet state (has no unpaired electrons) and without charge. Table 2 Relative energies of reactants (E r ), pre-reaction complexes (E pk1 ), transition states (reaction barrier, E ‡ ), post-reaction complexes (E pk2 ) and products (E p ) for reactions in silane-ammonia plasma. All energies are calculated with the MP2/aug-cc-pVTZ//CASPT2/aug-cc-pVTZ method and corrected for the single point vibration energy, calculated with MP2/aug-cc-pVTZ. Energies are shown relative to reactants
Reaction
Active space Although silylene is not a radical, addition of silylene to amines (reaction 19) has no transition state. Instead of the IRC energy profile, scan of the energy, calculated at CASPT2/aug-ccpVTZ, as a function of Si-N bond length is shown in the ESI, † supplement_2.pdf. Scan is made for Si-N distances in the range 2-8 Å. In that range, no maximum in energy is found, undoubtedly proving that the addition of silylene to amines has no transition state. The stabilisation energy of created adducts is little over 1 eV (see Table 2 ), which is significantly lower than the stabilisation energies in radical neutralisation reactions. The reason for that is creation of aminosilylene (SiH 2 'NH 3 , or SiH 2 'NH 3Àx (SiH 3 ) x in general) molecules with a dative, rather than a normal covalent bond. Unlike SiH 3 NH 2 , where negative charge is concentrated on the lone electron pair on the N atom (Fig. 3a) , the SiH 2 'NH 3 molecule (Fig. 3b) Silylene is a planar molecule with a silicon atom in sp 2 hybridisation, where three sp 2 positions are filled with two s bonds and one free electron pair. The remaining p orbital is empty and non-bonding, situated perpendicularly to the molecular plain. 47, 48 That orbital receives the electron pair from ammonia molecules in SiH 2 'NH 3 . Since the empty p orbital in the silylene extends to both sides of the molecule, it provides two bonding sites for the dative bond, however the empty p orbital can accommodate only one electron pair. Nevertheless, Table 3 Relative enthalpies of reactants (DH r ) pre-reaction complexes (DH pk1 ), transition states (reaction barrier, DH ‡ ), post-reaction complexes (DH pk2 ) and products (DH p ) for reactions in silane-ammonia plasma at 300 K. All enthalpies are calculated with the MP2/aug-cc-pVTZ//CASPT2/aug-cc-pVTZ method and vibrational contribution to enthalpy is calculated with MP2/aug-cc-pVTZ. Enthalpies are shown relative to reactants SiH 2 can accommodate two dative bonds with two different ammonia molecules by weak, partial bonds. From the dissociation energies (0.14 eV for the dissociation of NH 3 -SiH 2 'NH 3 and 1.12 eV for the dissociation of NH 3 -SiH 2 ), it is evident that the addition of the second NH 3 ligand to SiH 2 leads to relatively small energy stabilisation. Nevertheless, NH 3 -SiH 2 'NH 3 is the minimum on the PES with very weak Si-N bonds, in the range of the hydrogen bond. NH 3 -SiH 2 'NH 3 is a symmetric species with C 2v symmetry (see Fig. 4 ), implying two equal Si-N bonds, 2.26 Å long. That bonds are substantially longer than the dative Si-N bond in SiH 2 'NH 3 (2.03 Å, MP2/aug-cc-pVTZ) and the standard, covalent Si-N bond (1.73 Å, SiH 3 -NH 2 , optimised on MP2/aug-cc-pVTZ). Nitrogen and silicon atoms are not colinear, but make a N-Si-N angle of 160.71. The symmetry of NH 3 -SiH 2 'NH 3 and the difference in dissociation energies show that the association of the second NH 3 with NH 3 -SiH 2 weakens the first Si-N bond. This is clearly visible in Fig. 5a where one of the Si-N bond length (r) is shown as the function of the other (r fixed ) Si-N bond length in NH 3 -SiH 2 'NH 3 . The bond length dependence in Fig. 5a is determined by the optimisation of NH 3 while other two moieties are frozen with the selected Si-N separation (r fixed ). When one of the NH 3 ligands moves away from the rest of SiH 2 'NH 3 , the remaining Si-N bond converges to the bond length in SiH 2 'NH 3 (2.03 Å). In Fig. 5b , energy of NH 3 -SiH 2 'NH 3 is shown as a function of the Si-N bond length (r fixed ). Energies are calculated on the CASPT2/aug-cc-pVTZ level on the same geometries that were used for determining the dependence of the Si-N bond length upon approaching another NH 3 ligand. The energy dependence of NH 3 approaching to SiH 2 'NH 3 shows a single minimum at 2.26 Å without a transition state. Although the low dissociation energy makes bonding in NH 3 -SiH 2 'NH 3 weak, this species could be present in low temperature SiH 4 -NH 3 plasma or as a transient species in certain reactions. Any SiH 2 'NH 3 that does not react in the plasma can stick to the amine group on the surface via the doubly complexed SiH 2 (eqn (24)).
The low energy for dissociation of one of the Si'N bonds makes highly possible the dissociation of NH 3 . This leaves SiH 2 bound to the surface of the silicon nitride. SiH 2 , chemisorbed on the surface, then provides a site that is ready for reactions with other reactive species from the plasma. This mechanism is energetically very favourable since all complexes are formed without energy barrier and the barrier for surface dissociation of NH 3 is very low (about 0.14 eV). Moreover, the rate of formation of SiH 2 'NH 3 depends on the rate of formation of SiH 2 , which has the lowest activation energy among all reactive species in SiH 4 -NH 3 plasma. Energy stabilisation of SiH 2 'NH 3 is large enough to withstand collisions with thermalized nonreactive molecules in low-temperature plasma.
Silylene rearrangement reactions
This reaction converts amino-silylenes into aminosilanes (eqn (20)), by migrating one hydrogen atom from the nitrogen atom to the silicon atom. Since the migration of hydrogen atoms is between neighbouring atoms (1,2-shift), the transition state has a triangular geometry with hydrogen atoms in one of the corners. Energy barriers are over 1.2 eV (see Table 2 ), but the reactants are created by the barrierless SiH 2 addition (see Section 3.5) with excess energy of over 1 eV. That energy is available to NH 3Àx (SiH 3 ) x in the form of vibrational energy immediately after formation. Thus, the ''collective'' energy barriers for consecutive reactions (19) and (20) are therefore only 0.35 eV for x = 0 and 0.14 eV for x = 1 (x denotes the number of silyl groups in eqn (19) and (20) 
Radical nucleophilic addition
Two versions of radical eliminative addition reactions were proposed: radical-neutral eliminative addition reactions are proposed by Beach and Jasinski 21, 22 (eqn (10)) with a variant, proposed by Tachibana et al. 21 (eqn (18) ) and the radical-radical eliminative addition reactions, proposed also by Beach and Jasinski 22 (eqn (7)).
This reaction is reported 22 to be the most plausible explanation for laser induced reactions in SiH 4 -NH 3 gas mixtures. 3.7.1 Neutral-radical eliminative addition. The geometry of the reported 21 transition state for eqn (11), x = 0, optimised at the HF/6-31G(d) level is quantitatively the same as the geometry, obtained in this work by optimisation at a higher level of theory (MP2/aug-cc-pVTZ). Reaction barriers for these reactions are very low, confirming the importance of these reactions as one of the important mechanisms in the growth of SiN x :H. Reaction barriers for reaction (11) with aminosilanes (x 4 0) decrease with increasing number of amine groups on the silicon atom. For x = 2, reaction energy of the transition state, relative to reactants, reduces to effectively a negative value. Although the reaction energy barrier relative to a pre-reaction complex still exists, the relatively large stabilisation of pre-reaction complexes makes the overall reaction energy barrier negative. 3.7.2 Radical-radical eliminative addition. The transition state for the radical-radical eliminative addition reactions (eqn (7)) could not be located. In order to clarify the mechanism of reaction (7), we scanned the potential energy surface, by extending Si-N and S-H bond lengths and by changing the H-Si-N angle values (Fig. 6 ). Energies at each point at the potential energy surface are evaluated by constrained geometry optimisation, with constraints in the form of frozen Si-N and S-H bonds and the H-Si-N angle. The resulting potential energy surface is shown in Fig. 7 as a series of two-dimensional surfaces, each for a specific H-Si-N angle. The potential energy surface shows no saddle points that would correspond to a transition state. The global minimum is aminosilane (SiH 3 NH 2 ). Expanding bond lengths of Si-N and N-H (or both) monotonically increase the energy, which is in accordance with bond breaking reactions. That makes the radical-radical eliminative addition (eqn (7)) two separate elementary processes, which could be represented with eqn (12) . This reaction can proceed if reactants collide with enough energy in order to break the bond at the opposite side of the molecule and to compensate the energy dissipated in IR emission or intermolecular collisions. Since the energy for dissociation of a Si-N bond is larger than the dissociation energy of a Si-H bond, there is a greater chance that this reaction will proceed in the direction where NH 2 replaces the H radical, than the reaction in the reverse direction.
Hydrogen abstraction reactions
The deposition of silicon from a low temperature (T = 400 K) silane plasma 49 without the presence of ammonia proceeds through these reactions. Hydrogen abstraction reactions require rather high activation energies (above 0.2 eV; see Table 2 ) than radical eliminative additions or silylene additions. The energy barrier for the trivial reaction of proton exchange between SiH 3
and SiH 4 is 0.3 eV, which further increases as the number of NH 2 groups on the silicon atom is increased. Hydrogen abstraction from aminosilanes by SiH 3 has positive reaction enthalpy, which also increases with a larger number of NH 2 groups. Therefore, silane radicals do not have an important role in propagating radical chain reactions by hydrogen abstraction of aminosilanes. NH 2 radicals abstract hydrogen atoms from silanes more readily since the N-H bond is stronger than the Si-H bond. That makes energy gain from the formation of the N-H bond larger than the consumption needed by breaking the Si-H bond, which is reflected in much more favourable reaction enthalpies. These reactions also have lower energy barriers (about E ‡ = 0.25 eV for SiH 4 ), which reduce in the case of higher aminosilanes (up to E ‡ = 0.20 eV for (NH 2 ) 3 SiH). The stability of pre-reaction complexes in hydrogen abstraction reactions by NH 2 or SiH 3 indicates that these radicals can form complexes with molecules, whose stability is significantly larger than the thermal energy in low-temperature plasma. In that case, even if the reaction does not occur, these molecules can still serve as a shuttle for radicals to the surface of 
Conclusions
Nucleophilic substitution reactions, where neutral amines react with neutral silane molecules, have energy barriers that are too large to allow such reactions in a thermally equilibrated system. Pentacoordinate reaction intermediates, which were considered to be characteristic of nucleophilic substitution reactions on silicon atoms, were not observed. These reactions proceed through an edge attack of the amine on the tetrahedral silicon, rather than through approach from the tetrahedral face direction. Neutralisation of amine and silane radicals proceeds without energy barrier and creates a product with energy stabilisation large enough to enable even otherwise prohibitive reactions on the hot reaction product. Addition of silyl radicals to ammonia produces a product that is less stable than the transition state for this reaction. Although the resulting adduct could stabilise by elimination of hydrogen atoms, the existence of an additional reaction barrier prevents these reactions to happen. Addition of silylene to amines creates a relatively stable complex with a dative bond without an energy barrier. The ability of the silylene to create a second dative bond with an amine molecule can cause sticking of the complex to the surface of silicon nitride. Subsequent dissociation of the complex leaves silylene, bound at the surface, making it available for further growth reactions at the surface. A radical substitution reaction, where an amine radical substitutes a hydrogen atom on neutral silane, proceeds with a low or an even negative transition state. Equivalent substitution on a silyl radical (radical-radical eliminative addition) does not pose as an elementary reaction, but rather a combination of radical neutralisation and bond breaking. Unlike hydrogen abstraction by silane radicals, abstraction by amine radicals and hydrogen atoms is thermodynamically favourable and also proceeds with a lower energy barrier. The existence of complexes where silane and amine radicals are bonded with other molecules indicates the possibility of the transfer of these radicals to the silicon nitride surface by these complexes.
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